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IV. Objective:

Numerous Air Force technical environments involve highly nonequilibrium chemistry with hyperthermal collision
energies exceeding 10 eV. Since the energies are sufficient to produce electronic excitations and reactive collisions, detailed
understanding of the dynamics in this regime is necessary to model the behavior of aerospace systems, such as signatures of
spacecraft engine plumes in low-Earth orbit, hypersonic air and reentry plasmas, and the plasmas of electric propulsion
thrusters, Quantum reactive scattering efforts at the hyperthermal energies of interest are just beginning to becoming
tractable. Thus, there is a need to validate this work with detailed, state-selected experiments. The main goal of this project
is to determine accurate state-selected absolute integral cross-sections for reactions between a series of diatomic jons
[H'(X%2,"; v', NYHD (X’ v, NYYD, (X%, v, N, O (XThnun, a'Tl; v, NO'(X'E, 2°2'; v1), No (X2, v1), and
CO*(X’2", v")] and the rare gas atoms. Particular emphasis is placed on the reaction dynamics involving reactant ions
prepared in highly vibrationally excited states, which have not been measured previously. To achieve this goal, we have
constructed a unique octopole-quadrupole photoionization apparatus at the advanced Light Source (ALS) and have
established the pulsed field ionization-photoelectron-secondary ion coincidence (PFI-PESICO) scheme for absolute total
cross section measurements of state-selected ion-molecule processes. The high sensitivity of the PFI-PESICO scheme
enables the measurement of absolute cross sections for ion-molecule reactions involving highly vibrationally excited
H'(X%z,"; v', N'YHD'(XZ"; v*, NYYD,'(X2Z,"; v*, N*) with v* close to the dissociation limit of these diatomic ions.
Howeyver, the PFI-PESICO measurements are highly time-consuming. To supplement the experimental effort at the ALS,
we are in the process of developing vacuum ultraviolet (VUV) laser based experiments for state-selected ion-molecule
reaction studies at UC Davis by employing the VUV pulsed field ionization-photoion (PFI-PI) method for the preparation
of state-selected reactant ions. In order to supply detailed cross section data to model Xe" propelled electrostatic thrusters,
we also plan to measure absolute spin-orbit-state-selected and resolved total cross sections for the symmetric Xe'(Psp 1) + -

Xe charge transfer reaction using the triple-quadrupole-double-octopole (TQDO) photoionization apparatus in our laboratory
at UC Davis.

V. Status of effort

During this funding period, we have completed the PFI-PESICO measurements of the state-selected proton transfer
reaction H, (v'=0-15, N'=1) + He Ne) - HeH" (NeH") + H. The results of this experiment, together with the cross .
sections obtained by quasi-classical trajectory (QCT) calculations on this reaction system has been published in the
Journal of Chemical Physics (JCP). In a separate theoretical study, which has also been published in JCP, we have
performed time-dependent wave-packet calculations on the proton transfer collision of H,'(v'=0-6, N'=1) + He for
comparison with the PFI-PESICO measurements. This theoretical treatment includes the Coriolis coupling (CC) and thus
represents the most rigorous theoretical calculation applied to an jon-molecule reaction system. The comparison of the
theoretical and experimental cross sections indicates that the inclusion of CC in quantum scattering calculations is
important for accurate cross section predictions of ion-molecule reactions. We have also obtained absolute cross sections
for the collision-induced dissociation reactions of HD*(v*=0-5) [D,"(v’=0- 5)] + He (Ne, Ar, Kr). The manuscripts for
these experiments are bemg prepared for publications. To supplement the PFI-PESICO experiments at the ALS, we have

made significant progress in the implementation of the VUV-laser-PFI-PI technique with the TQDO apparatus for state-
selected ion-molecule reaction studies.

VL Accomplishments/New Findings:

A, Selected scientific findings

The endothermic proton transfer reaction, H, (v N'=1) + Ne — NeH' + H (AE = 0.54 ¢V), has been mvestlgated
over a broad range of reactant vibrational energies using the PFI-PESICO scheme. For the lowest vibrational levels, v =
0 and 1, a detailed translational energy dependence is also obtained. Sharp threshold onsets are observed, suggesting the
importance of long-lived intermediates or resonances. At a translational energy, E., = 0.7 eV, absolute state-selected
reaction cross sections are measured for all reactant vibrational levels v© =0 — 17. For levels v* = 0 — 6, the cross sections
grows rapidly with vibrational quantum, above which the cross section saturates at a value of ~13 + 4 A% At levels v* >
13, the cross section declines, probably due to competition with the dissociation channel. At a translational energy, E., =
1.7 eV, absolute state-selected reaction cross sections are measured for reactant vibrational levels spanning the range
between v' =0 and 14. Cross section growth is observed from v* =0 to 7, above which the cross sections no longer
exhibit a steady trend. AtE,, =4.5 eV, cross sections are reported for vibrational levels covering the range between v* =
0 and 12. The cross sections are substantially lower at this high translational energy, however, they still exhibit a
substantial vibrational enhancement below v* =8. The present measurements are compared with quasiclassical trajectory



(QCT) calculations. The comparison can be categorized by three distinct total energy (Eiot = Ecm + Evip) regimes. For
E.<l eV, the experimental cross sections exceed the QCT results, consistent with important quantum effects at low
energies. For 1 < E;x<3 eV, excellent agreement is observed between the PFI-PESICO cross sections and the QCT
calculations. At total energies exceeding 3 eV, the experimental results are generally higher, probably because QCT over
predicts competition from the dissociation channel.

The endothermic reaction, H,"(v*, N*=1) + He — HeH" + H is text book system showing the interplay of kinetic
and vibrational energy effects on chemical reactivity. We have obtained absolute total cross sections of HeH' for v'=0-15
at center-of-mass kinetic energies (E.,’s) of 0.6 and 3.1 eV. The kinetic energy dependencies of the HeH" cross sections
for H,"(v'=0-3) have also been measured. We have performed QCT calculations on the accurate ab initio potential energy
surface (PES) of Palmieri et al. for comparison with experimental cross sections. The QCT proton transfer cross sections
for H," + He are found to be significantly lower than the experimental results near the threshold. At total energies above 2
eV, where quantum effects are less pronounced, the QCT cross sections are in excellent agreement with the experimental
cross sections. -

In a separate quantum scattering dynamics study, we have carried out the time-dependent wave-packet calculation
of the reaction H,"(v'=2-6, N'=1) + He — HeH" + H. This study takes into account the Coriolis coupling (CC) and uses -
the PES of Palmieri et al. The CC total cross sections for the v'=0-2, 4, and 6 states show E.,, dependence behaviors
different from those of the previous CS calculation. Furthermore, the E.,, dependencies of the HeH" cross sections based
on the CC calculation only exhibit minor oscillations, indicating that the chance is slim for reactive resonances in total
cross sections to survive through the partial wave averaging. The magnitude and profile of the CC total cross sections for
v'=0-2 in the collision energy range of 0.0-2.5 eV are found to be consistent with experimental cross sections. In
conclusion, this is the first study to show that the inclusion of Coriolis coupling is important in quantum dynamics
scattering calculations of ion-molecule collisions. This theoretical study leads the way for accurate cross section
predictions of ion-molecule reactions in the future.

As an ongoing experiment, we have also obtained absolute total cross sections for the CID reactions (1), (2a), and
2(b) in the Ej,, range of 0-10 eV by setting the VUV energies at appropriate autoionization resonances of HD and D, for
the preparation of HD"(X?Z", v*=0-5) and D,"(X*Z,", v'=0-5), respectively.

D,'(X’%,", v'=0-5) + He (Ne, Ar)  — D"+ D +He (Ne, Ar, Kr) @
HD'(X’Z',v*=0-5)+He (Ne, Ar) —> D'+H+He(Ne,ArKr) = (Qa
'— H +D + He (Ne, Ar, Kr) 2b)

These CID cross sections are consistent with those of H,'(v') + Ar obtained previously in our laboratory, indicating that
the CID cross section increases significantly as v* is increased. The CID cross sections also reveal a size effect of the
neutral reactant, showing a marked increase in D*/H" cross sections from He to Ne, to Ar, and to Kr. Pronounced isotopic
effect is also observed for the CID cross sections of reactions (2a) and (2b). We have completed QCT calculations on the
CID reactions of (1), (2a), and (2b). The time-dependent wave-packet calculation on these reactions is underway.

The detailed comparison of our experimental and theoretical shows that the time-dependent wave-packet
calculation including Coriolis coupling is capable of providing accurate reaction cross sections for ion-molecule reactions
involving the H,"(X’Z,"; v*, NYHD (XS’ v*, N'Y/D,"(X*2,"; v*, N'). Thus, these experimental measurements together
with the CC quantum scattering scheme are expected to play an important role for the simulation of complex chemical
processes in Hy/D, discharge plasma.

B. Experimental accomplishments

Using the TQDO in our laboratory, we have made significant progress in the establishment of VUV laser based
state-selected ion-molecule reaction studies by employing the VUV laser PFI-PI approach to prepare state-selected
reactant jons. This involves the implementation of the VUV laser PFI techniques with the TQDO apparatus. The greatest
advantage of the VUV synchrotron source is the ease of tunability. However, the optical resolution of VUV lasers is more
than 10 fold higher than that of the VUV synchrotron sources. Thus, the VUV laser PFI-PI technique offers a higher
selectivity for internal states of reactant ions.

For PFI-PI detection using pulsed VUV lasers, PFI-PIs formed from PFI of high-n Rydberg species must be
separated from prompt background ions using a dc-separation field and an appropriate time delay between the application
of the VUV laser pulse and the pulsed electric field for PFI and ion extraction. The time delay requirement demands
lifetime lengthening of high-n Rydberg states, which can be achieved by /- and m;-mixings induced by Stark electric
fields. The practical feature is to apply a small voltage pulse slightly ahead of the VUV laser pulse, such that the ringing
of the scrambling voltage pulse due to impedance mismatch extended into time duration of the VUV laser pulse serves to
promote the low I-states originally formed in VUV laser excitation to long-lived high /-states. Using NO as an example,




we have demonstrated that the intensity of rovibrationally selected NO* ions observed employmg the ringing scrambling
field PFI-PI scheme can be enhanced by a factor of 5-10.

In order to use the PFI-PIs formed for state-selected ion-molecule reaction studies, it is necessary to reject the

prompt ions. We have designed a pulsed voltage scheme for the separation of PFI-PIs and prompt ions. Employing the
VUV laser PFI-PI scheme, we have successfully measured the absolute total cross sections for the charge transfer
reactions of NO*(X'Z, v'=0-2) + CH;l (CsHy). This manuscript for this demonstration experiment is being prepared for

publication.
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Interactions
This project represents a collaborative project between our group at UC Davis and Dr. Rainer Dressler’s group at

the Hanscom Air Force Research laboratory.

C.

Transitions
The thermochemical data obtained by our group based on VUV photoion and photoelectron measurements have

been used by the “Active Thermochemical Table” project (project leader: Dr. Branko Ruscic) of the Argonne National
Laboraotry. This project is supported the Division of Chemical Sciences, Geosciences, and Biosciences, Office of Basic




Energy Sciences. The absolute state-selected total cross sections for the ion-molecule reactions of O+(4S, p, ’P) + H,0
(N3, CO;, O,) have been used by NASA for modeling the chemistry of planetary atmospheres.

X. New Discoveries:

None

X1 Honors/Awards:

Lifetime achievement honors

2005 Elected Fellow, American Association for the Advancement of Sciences
2003 Distinguished Professor, UC Davis

1998 Alexander von Humboldt Senior Scientist Award

1997 Senior Fellow, Japanese Society for the Promotion of Science

1996 Distinguished Professor of Libeéral Arts and Sciences, lowa State University
1994 Iowa Regents Award for Faculty Excellence

1993 Elected Fellow, American Physical Society

1985 Honorary Professor of Chemistry, Zhengzhou University, China

1982 Camille and Henry Dreyfus Teacher-Scholar

1981 Alfred P. Sloan Foundation Fellow




